Abstract The long-term storage of bauxite residue (red mud) is harmful to the environment and the tailing ponds also cover large areas. At the moment there is no largescale utilization of bauxite residue. However, some bauxite residues contain considerable concentrations of rare-earth elements (REEs) and the recovery of these REEs together with(out) other metals and utilization of the generated residue in other applications (e.g., building materials) can solve the storage problem of bauxite residue. This paper reviews the recovery of REEs, possibly alongside other valuable metals, from bauxite residue. REEs can be recovered from bauxite residue by direct leaching or by smelting followed by leaching. The main disadvantages of direct acid leaching are the consumption of large amounts of acid for neutralization, the handling of large volumes of effluents, and the difficulty in using the bauxite residue after leaching. Recovery of iron prior to leaching can improve the economics of the process. However, high alumina in the bauxite residue increases the flux and acid consumption. Therefore, alumina needs to be removed by alkali roasting prior to smelting in order to decrease the flux and acid consumption. The alkali roasting-smeltingleaching process allows recovery of aluminum, iron, titanium, and REEs from bauxite residue. The residue generated in this process can be used in building materials and cementitious binders. Other processes with commercial potential are the Orbite, the pressure leaching, and the acid baking processes.
Introduction Bauxite Residue
Bauxite residue (red mud) is a reddish-brown solid waste generated during the production of purified aluminum (oxy) hydroxides from bauxite. Bauxite is the main aluminum ore and it is a mixture of the aluminum minerals such as gibbsite (Al(OH) 3 ), boehmite (c-AlO(OH)), and diaspore (a-AlO(OH)), as well as other minerals, such as hematite (Fe 2 O 3 ), goethite (FeO(OH)), quartz (SiO 2 ), rutile/anatase (TiO 2 ), and kaolinite (Al 2 Si 2 O 5 (OH) 4 ). Alumina must be purified before it can be used as a feed for the production of aluminum metal by electrolysis in the HallHéroult process. This purification is performed by the Bayer process, where bauxite is digested in a concentrated sodium hydroxide solution at temperatures between 150 and 250°C, in an autoclave, at pressures up to 40 atm (Fig. 1 ). Under these conditions, aluminum hydroxide dissolves in the aqueous solution due to the amphoteric character of aluminum. The other components of bauxite do not dissolve. The solution is then clarified for removing the solid impurities. The waste slurry is called red mud, while the solid fraction is called bauxite residue. Although red mud and bauxite residue are often used as synonyms,
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there is in fact a difference between these terms. About 1-1.5 metric tons of bauxite residue is generated for each ton of alumina produced [1] .
Alumina can also be produced from silica-rich bauxite ores, low grade ores, and diasporic ores by alkali sintering/ roasting process as the Bayer process consumes a large amount of soda or requires high temperatures for these kinds of ores [3] . This technology is only used in a few plants due to the high energy consumption. This process is explained in detail in ''Aluminium recovery from bauxite residue in view of iron, titanium and/or REEs recovery'' section.
Annually, about 140 million tons of bauxite residue are produced [4] , while more than 2.7 9 10 9 tons [5] were already stockpiled by 2011. The cumulative amount of bauxite residue generated by 2015 is estimated to be close to 4 9 10 9 tons [6] . The pH of the wet bauxite residue slurry is about 12, due to the presence of residual NaOH. The bauxite residue is stored in disposal sites typically stretching over many square kilometers and this poses a significant hazard [2] . This disposal site also helps in dewatering of bauxite residue. Currently, the preferred disposal method is lagooning as marine dumping has been ceased, as dumping of bauxite residue in the sea may adversely affect the marine ecological balance. The longterm storage of bauxite residue is a major issue, since the bauxite residue disposal sites not only occupy vast areas of land, which could otherwise be used for agriculture, but the bauxite residue also can lead to serious pollution of the surrounding soil, air, and groundwater. The dike breach of a bauxite residue stockpiling yard at the Ajkai Timfoldgyar Zrt alumina plant in Hungary on October 4, 2010 , released between 600,000 and 700,000 m 3 of red mud and caused serious environmental pollution [7] . This incident shows that there is a need for remediation of the bauxite residue stockpiles and a utilization solution of the stored (legacy sites) and fresh bauxite residue. However, there are currently no applications of bauxite residue besides minor use in cement and ceramic production [1, 5, 8] . Bauxite residue has been reported to have several possible applications [4, 5, 9] in the field of pollution control (wastewater treatment, adsorption, and purification of acid waste gases), as a coagulant, adsorbent, and catalyst, in pigments and paints, in ceramic production, for soil amendment, metal recovery, and in building materials. However, none of these applications has been commercially exploited on an industrial scale yet [10] .
Bauxite residue is a polymetallic material and a potential source of several metals [11] . Extraction of metals from bauxite residue could become economically feasible provided that suitable extraction processes are available. Iron oxides are the main constituent of bauxite residue and it can make up to 60 % of the mass of the bauxite residue. In fact, the red color of bauxite residue is caused by iron(III) oxides (mostly hematite, Fe 2 O 3 ). Bauxite residue also contains oxides of aluminum, titanium, silicon, and some valuable metals, such as rare-earth elements (REEs). The chemical compositions of the bauxite residue of different origins are summarized in Table 1 . The actual composition of bauxite residue depends on the type of bauxite, the mining location, and the process parameters of the Bayer process. During the processing of bauxite by the Bayer process, the REEs report to the bauxite residue. The REEs are enriched in bauxite residue compared to bauxite by a factor of approximately two [12] . The REEs are considered to be worth recovering from bauxite residue, since they are currently considered as critical raw materials by many countries [10] .
REEs in Bauxite Residue
The REEs are the fifteen metallic elements of the lanthanide series, together with yttrium and scandium [14] . These elements are subdivided into light rare-earth elements (LREEs) which include lanthanum to europium, and heavy rare-earth elements (HREEs), which include the remaining lanthanide elements, gadolinium to lutetium, as [2] well as yttrium [14, 15] . Scandium is not included in either the LREE or HREE classifications, although it is considered to be a rare-earth element [14] .
The consumption of REEs is increasing due to an increase in demand for green technologies. The REEs are used in the production of permanent magnets, lamp phosphors, rechargeable NiMH batteries, catalysts and other applications [16] . REEs are classified under the most critical raw materials group, with the highest supply risk [17] . REEs are not rare, however, it is difficult to find their minerals in economic concentrations [14, 18] . There are approximately 100 million tons of proven rare-earth oxide reserves in the world, spread over more than 30 countries [19] . However, 90 % of the world's supply currently originates in China [20, 21] . Increased demand in China has prompted the Chinese government to limit yearly export quotas to approximately 35,000 tons of rare-earth oxides, whereas non-Chinese annual demand was expected to reach 80,000 tons by the year 2015 [16, 19] . However, in August 2014, the World Trade Organization (WTO) ruled against China. Hence, China abolished export quota on REEs on December 31, 2014. However, analysts suggest that the abolition of the REEs export quotas will not prevent China from significantly influencing the global market or from finding other ways to give preferential treatment to domestic companies [22] . In the meantime REEs consumption is increasing rapidly [23] . The restricted supply is being met by the development of new rare-earth mining projects, each having its own unique mining and processing challenges [19] . Therefore, rare-earth recovery from secondary sources like bauxite residue can be considered as one of the options to meet the demand.
One of the factors that affect the composition of the bauxite residue is the type of the ore. Bauxite ores can be classified into three categories based on host-rock lithology. They are the lateritic bauxites (88 %), the karst bauxites (11.5 %), and the Tikhvin-type bauxites (0.5 %) [24, 25] .
Bauxite deposits lying on carbonates are classified as karst bauxites. Bauxite deposits lying on aluminosilicate rocks can be further subdivided in lateritic bauxites and Tikhvintype bauxites [26] . The world-wide geographic distribution of bauxite deposits is shown in Fig. 2 . From this figure, it becomes evident that karst bauxite reserves are mainly located in Europe, Jamaica, Russia, and China. Karst bauxites contain higher REEs concentrations compared to lateritic bauxites [27] . REEs are present in the bauxite ore as ions adsorbed on the surface of the minerals, replacing similar ions in some minerals, and in REE minerals [26] . The REEs present in a bauxite ore end up in its bauxite residue during the Bayer process [8] . The REE concentrations in the Jamaican bauxite residue is 1500-2500 ppm [28] . The average concentration of REEs in Greek karst bauxite residue is ca. 1000 ppm [12] . A detailed analysis of the rareearth content of Greek bauxite residue is given in Table 2 .
Scandium in Bauxite Residue
Scandium is the most valuable element among the REEs that are present in the bauxite residue. It represents more than 95 % of the economic value of REEs in bauxite residue [8] . The current price of scandium oxide (99.99 % purity) is around 5000 US$/kg [30] . Scandium is mainly used in advanced solid oxide fuel cells (SOFC) and as an alloying element (\2 wt%) in aluminum alloys [31] . Scandium is used as a stabilizing agent for zirconia in SOFCs. It helps in lowering the operation temperatures, extending the life, and increasing the power density of the SOFC unit. As an alloying element, scandium increases the strength of aluminum alloys by modifying the grain structure. It also helps in increasing weldability. Aluminum-scandium alloys are mainly used in the aerospace industry, bicycle frames, and baseball bats. Other uses for scandium include electronics, lasers, high intensity lighting, and radioactive isotopes. The average crustal abundance of scandium is about 22 ppm [32] , which is more than that of better-known metals such as lead and tin. However, scandium is rarely concentrated in nature because it lacks affinity to combine with the common ore-forming anions [30] . Hence, time and geologic forces only rarely form scandium concentrations over 100 ppm. The scandium minerals with a high scandium content, e.g., thortveitite ((Sc,Y) 2 Si 2 O 7 ) and kolbeckite (ScPO 4 Á2H 2 O)), are rare [8, 32] . In general, scandium is obtained by mining of thortveitite deposits and as a byproduct during the processing of uranium, titanium, tin, tantalum, and tungsten ores as well as from phosphate rock [33] . Scandium is mainly produced in China (from titanium and REE ores), Kazakhstan (from uranium ore), Russia (from apatite ore), and Ukraine (from uranium ore). The total scandium oxide production in 2014 was between 10 and 15 tons [30, 31] .
Materials with a scandium content between 20 and 50 ppm can be considered as an ore [34] . Some of the bauxite residues contain a higher scandium concentration so they can be treated as scandium resources. According to Laverenchuk, bauxites contain 70 % of total scandium in forecast reserves [35] . In Table 3 , scandium concentrations in bauxite residues from different origins are shown. All the bauxite residues shown in the table contain more than 50 ppm of scandium. Therefore, bauxite residue can be considered as a potential scandium resource. Large quantities of scandium could be produced from bauxite residue, which could decrease the price of scandium and increase the availability of scandium for many applications. For example, RUSAL's alumina refineries annually stockpile about 2 million tons of bauxite residue, which contain in total about 480 tons of scandium [35] , whereas Aluminum of Greece generates 0.7 million tons of bauxite residue every year that contain in total about 90 tons of scandium.
Recovery of REEs From Bauxite Residue
It is difficult to leach the REEs from bauxite ore when compared to bauxite residue due to differences in their mineralogy and morphology [41, 42] . REEs from bauxite residue can be extracted either by hydrometallurgical processes or combined pyrometallurgical and hydrometallurgical processes [32] . Some researchers have tried to increase the concentration of scandium in the bauxite residue by physical beneficiation before leaching [43] . The operating costs can be minimized during leaching by increasing the scandium concentration, which minimizes the acid consumption and waste for disposal (acidic effluent, leaching cake, etc.). However, the recovery of scandium is relatively low in the concentrate (less than 20 %) during physical beneficiation and the rest will be lost in tailings. On the other hand, the fine particle size of bauxite residue limits the performance of the magnetic separation (i.e., a specific form of physical beneficiation). Table 4 summarizes the different kinds of reagents used, the conditions applied, and the achieved recovery of REEs during leaching of bauxite residue. It also gives details on the different extraction processes that were used during the recovery of REEs from the leach solution.
Direct Leaching of Bauxite Residue

Leaching with Mineral and Organic Acids
Leachates containing large concentrations of iron require a large number of processing steps and consume large amounts of chemicals in the subsequent downstream processes, e.g., solvent extraction [42] . Therefore, selective leaching of REEs, leaving behind iron oxide in the residue, simplifies further the extraction processes. Hence, leaching at higher pH values (1.8-3) was conducted to selectively dissolve REEs while leaving iron and titania substantially undissolved from the bauxite residue [42, 49] . Selectivity values of REEs in this leaching were higher compared to the values at lower pH, but the recoveries were low, especially for scandium. For example, recovery of scandium was always less than 42 % except in one case (56 %) where the leaching was carried out at 150°C [49] . During leaching, even at these pH values, sodium, aluminum, and silicon that are present under the form of sodalite were brought into solution. However, the REEs could be selectively recovered by solvent extraction. Borra et al. found a striking relation between iron and scandium dissolution [37] . Scandium can be selectively dissolved up to about 50 % with very low iron (\5 %) dissolution. Further increase in scandium dissolution caused dissolution of large amount of iron into the solution. These authors also found that sodium and calcium were almost completely dissolved during leaching and the dissolution of aluminum, silicon, and titanium was between 30 and 50 % [37] . According to Ochsenkühn-Petropulu, both the temperature and pressure have no marked influence on REEs leaching [41] . However, other studies show that higher temperatures enhance the recovery of REEs from bauxite residue [49, 50] . This difference in results may be due to the difference in origin of bauxite residue or due to difference in testing conditions (e.g. acid concentration). Nitric acid was found to be selective for leaching of REEs over iron [41] . On the other hand, iron is more readily dissolved during HCl leaching compared to HNO 3 leaching. Therefore, the leaching process with dilute HNO 3 has been performed and optimized at a pilot scale for the recovery of scandium from bauxite residue [48] . According to Petrakova et al., leaching with nitric acid could be a problem due to the absorption of nitrate ions on the residue, so that large volumes of water are needed for their removal [43] [50] . Nevertheless, one has to keep in mind that the H 2 SO 4 contains twice the number of protons compared to HCl or HNO 3 at a given molarity. According to Binnemans et al. the leaching efficiency could also depend on the type (minerology) of bauxite residue [8] . Borra et al. found that the recovery yields are higher in HCl at high acid concentrations compared to other acids but the selectivities are low [37] . Recovery yields were very low when organic acids such as acetic acid or citric acid were used for leaching [37, 38, 40, 41] . However, the efficiency could be improved by leaching at higher temperatures [37, 38] . Table 4 Direct leaching studies on bauxite residue (the order is based on the scandium recovery followed by other REEs) Greece HCl (0-6 N), HNO REEs are present in bauxite as mineral phases or as ions that are either adsorbed on the surface of minerals or replacing similar ions in the lattice of some matrix minerals [26] . Ochsenkühn-Petropulu et al. found lanthanides in hydroxyl-bastnasite phase in bauxite ore. However, it is difficult to find the mineralogy of REEs in bauxite residue due to their concentration and fineness of the bauxite residue [41] . Nonetheless, Gamaletsos et al., and Sugita et al., proposed that cerium and other lanthanides are present in the perovskite (CaTiO 3 ) mineral in bauxite residue [49, 54] . Borra et al., proposed that scandium could be in an iron oxide phase because chemical similarity was found between iron and scandium and the subsequent relation between iron and scandium dissolution during leaching [37] .
Leaching
Recently, Orbite Aluminae Inc. filed a patent for a multistep process for recovery of all elements, including REEs, from bauxite residue [45] . The conceptual process flow sheet is shown in Fig. 3 . The first stage of the process comprises treatment of bauxite residue by an HCl solution in an autoclave at 150-170°C. All components except titania and silica are dissolved. After solid-liquid separation, the leach liquor is treated with HCl gas to increase the chloride concentration, which helps in AlCl 3 Á6H 2 O precipitation. AlCl 3 Á6H 2 O is filtered off from the iron-rich liquor. The AlCl 3 Á6H 2 O precipitate is transformed to Al 2 O 3 by calcination at 900-950°C. The calcination stage generates HCl gas that can be reused in the leaching and aluminum precipitation stages. The leachate after aluminum removal contains FeCl 3 together with other elements. Fe 2 O 3 is produced from the leachate by hydrolysis of the FeCl 3 at 180°C. After iron removal the solution is rich in Mg, Ca, Na, Ga, and REEs. Magnesium is recovered from the solution by treating it with HCl to precipitate MgCl 2 followed by calcination. The REEs are separated from the leach solution by conventional solvent extraction. The alkaline metals are recovered as hydroxides by electrolysis and the HCl acid can be regenerated. Recovery yields in this process are about 93 % for aluminum and more than 90 % for the other metals, including the REEs.
Leaching with Alkali (Hydrogen) Carbonates
The solubility of scandium is high in a NaHCO 3 solution (16.7 g L -1 ) when compared to a Na 2 CO 3 solution (0.43 L -1 ) at 25°C and 100 L -1 of respective carbonate solution [40] . Yatsenko et al. (2010) developed a process based on the high solubility of scandium in a NaHCO 3 solution by treating bauxite residue with NaHCO 3 to recover scandium. During the process, some of the NaHCO 3 is converted to Na 2 CO 3 , which decreases the recovery of scandium due to the above-described lower solubility in Na 2 CO 3 . Therefore, treating the bauxite residue slurry with CO 2 increases the NaHCO 3 content that helps increasing the recovery. The process flow sheet is shown in Fig. 4 . About 26 % of scandium could be recovered at 60°C with p CO2 being 6 atm and a liquid-tosolid ratio of 4 [35, 55] . Due to the absence of silica gel formation and other metal dissolution, such a low liquid-tosolid ratio is feasible. About 30 % of sodium, 68 % of zirconium, and 6 % titanium could also be recovered at the same conditions. However, the major drawback of this process is the poor recovery of scandium (\30 %). This low recovery of scandium is maybe due to the presence of scandium in the iron oxide lattice. The recovery of other REEs is even lower. The main advantage of this process is that part of the scandium can be recovered without any acid consumption for neutralization. The pH of the bauxite residue after this process is around eight, which allows to store bauxite residue in a less harmful way [40] . 
Bioleaching
In bioleaching, metals are extracted with the aid of microorganisms. Two different kinds of microorganisms are commonly used for bioleaching in extractive metallurgy: bacteria and fungi [10] . Bacteria are not suitable for bioleaching of bauxite residue due to the high pH and absence of energy sources (sulfur or reduced iron). However, fungi can survive in high pH and they excrete metabolites such as organic acids, amino acids, and proteins in the presence of an organic medium to form complexes with metal ions in bauxite residue. REEs and radioactive elements were leached from bauxite residue with the filamentous fungus RM-10 in the presence of a sucrose medium [10] . The authors found that two-step leaching (preculturing the fungus followed by leaching) was superior to one-step leaching (culturing in the presence of bauxite residue). The fungus Aspergillus niger was used in another study for bioleaching on the same material used in the previous study [53] . Leaching was conducted both in batch and continuous mode. In the batch-mode leaching was carried out in three ways: one-step leaching, two-step leaching, and spent medium (cell-free spent medium after 10-day incubation of fungi) leaching. The results show that the spent medium process is best at 2 % pulp density with 44 % scandium recovery. The pulp density can be increased to 10 % in the continuous leaching. However, the scandium leaching was decreased to 30 %.
Leaching with Ionic Liquids
Ionic liquids are selective to certain metals and are stable even at high temperatures. The [EMIM][HSO4] ionic liquid was used for high-temperature leaching of bauxite residue [51, 56] . Recovery of REEs was 70 % at 190°C except for La, which is 100 %. In those conditions, iron and titanium dissolution was 100 % and for aluminum it was about 35 %. Low-temperature leaching (90°C) with [EMIM] [HSO4] decreased the recovery of REEs (Sc \ 40 %), however, it improved the selectivity of REEs over major elements [52, 56] .
Comparison of Different Approaches to Direct Leaching
Mineral acids are superior to organic acids for leaching of REEs from bauxite residue [38, 40] . However, the recovery yields achieved with some of the organic acids are comparable with those of mineral acids during high-temperature leaching. According to Petrakova et al., H 2 SO 4 is the best and cheapest option for leaching when compared to other mineral acids [43] . The main disadvantages of acid leaching are the consumption of large amounts of acid during neutralization of the alkaline bauxite residue, the handling of large volumes of effluents, and the difficulty in using the bauxite residue after leaching [43] . Furthermore, direct acid leaching dissolves large amounts of iron, titanium, and aluminum [37] . The coadsorption of these elements to the ion-exchange resins decrease the efficiency of the recovery process. Furthermore, the elution of these impurities requires large amounts of acids; this increases the process cost and it also requires large amount of bases for neutralization further on in the process [32] . On the other hand, alkali leaching looks promising due to no acid consumption and less harmful waste generation, but unfortunately the recovery of scandium is low. Preliminary experiments on high-pressure leaching show selectivity for scandium over iron, but further studies are required. The process developed by Orbite Aluminae Inc. is promising if the economics work out. It recovers all the metals and most of the acid used in the process, which makes it a near-zerowaste process. Nevertheless, handling of corrosive HCl is a major concern in the process. Glass-lined reactors and valves and pipes made with high-performance chemically resistant polymers are used in this process, which increases the capital cost [57] . Economic analysis based on the chemical cost shows that leaching with citric acid is two times more costly than bioleaching, while leaching with H 2 SO 4 is much cheaper than bioleaching [53] . Bioleaching of the bauxite residue may be a greener option, but the recovery of LREEs is low and the dissolution of major elements is also unknown. Use of ionic liquids does not improve the selectivity for REEs during leaching, however, new ionic liquids may be developed in future for selective leaching.
Pyrometallurgical Pretreatment of Bauxite Residue
Karl Bayer stated: ''The red, iron-containing residue that occurs after digestion settles well and, with sufficient practice, can be filtered and washed. Due to its high iron and low aluminum oxide content, it can, in an appropriate manner, be treated or with other iron ores be smelted to iron'' [58] . However, the recovery of iron alone from bauxite residue may not be economical. Therefore, iron recovery by a pyrometallurgical step followed by leaching of REEs and/or titanium from the oxide slag [59] [60] [61] or tailings after magnetic separation [62] [63] [64] could be an economical and low-(or even zero-) residue option. During smelting, REEs are concentrated in the slag phase due to their thermodynamic stability [65, 66] , after which they can be recovered by leaching.
If prices of iron ores are high, bauxite residue can be a potential raw material for the production of pig iron provided that an efficient technology for its processing would exist [67] . Iron recovery studies from bauxite residue were initiated as early as in the 1950s and may be classified into two major approaches: (1) reductive smelting and (2) solidstate reduction. In a smelting process, bauxite residue is treated in a blast furnace with prior sintering in the presence of a reducing agent so that the iron oxides are reduced, generating pig iron and a titanium-rich slag. Simple methods of utilizing bauxite residue in a blast furnace process are limited by impurities (Na, K, S, P, As) and low concentration of iron. Furthermore, the large sodium content may damage the refractory and also leads to the formation of so-called ''sodium nests'' [8] . Therefore, direct (solid-state) reduction was considered as an alternative process for the production of iron from bauxite residue. In the solid-state reduction, bauxite residue is reduced with a solid or gaseous reductant [68] [69] [70] . The reduced mass after magnetic separation can be used for steel making or as a charge to the blast furnace [71] . So far, no process has been a commercial success [1, 71] , because of specific problems associated with the bauxite residue such as low iron content, high alkali content, fineness of the particles, and moisture.
Magnetic separation of iron from the bauxite residue with(out) prereduction was studied by some researchers [72] [73] [74] [75] [76] . Conventional magnetic separation and high-gradient superconducting magnetic separation (HGSMS) were used in direct magnetic separation [72, 73] . However, the recoveries and grade were poor, except for the coarsegrained bauxite residue obtained after size separation. It is due to the fineness and mineralogy (goethite has low magnetic susceptibility over hematite) of the bauxite residue. The recoveries can be improved by prereduction, which converts the hematite into magnetite or iron metal. Addition of Na 2 CO 3 salt during prereduction further improved the reduction, which in turn improved the metal separation [74] . It should be noted that the bauxite residue used in that study was coarse and contained a high concentration of iron, which may be the reason for the high recoveries reported. The tailings generated after magnetic separation could be leached with aqueous Na 2 CO 3 solution at ambient pressures for alumina recovery [75] . Magnetic tailings after alumina removal could be used for the recovery of titanium and REEs, however, they still contain a large amount of iron (about 10 %), which is easily soluble during leaching. Furthermore, scandium, being the most valuable element in bauxite residue, may report to the iron-rich phase (concentrate) as iron oxide is a host phase for scandium. Iron together with aluminum can be recovered from bauxite residue by reduction roasting (sintering) with sodium carbonate and carbon, followed by water leaching and magnetic separation. This process is explained in ''Aluminium Recovery From Bauxite Residue in View of Iron, Titanium and/or REEs Recovery'' section.
Liu et al. carried out reduction at 1300°C for 110 min with a charge containing bauxite residue, carbon, and flux (100:18:6) [76] . They studied the magnetic separation after milling the reduced sample. The grade and recovery of iron was ca. 89 and 81 %, respectively. Zhu et al. reduced the bauxite residue with a soft coal in the presence of 8 % sodium carbonate at 1050°C for 80 min [74] . After grinding, the reduced mass (90 % \ 74 lm) was subjected to magnetic separation by a magnetic field of 0.08 Tesla. Addition of sodium carbonate helped improve the recovery yield and the grade of iron produced. A recovery of 96 % of iron was achieved with a grade of 91 %.
Reductive Smelting of Bauxite Residue and Recovery of Metals From Slag
Alternative liquid-phase reduction (smelting) processes like Corex, Finex, Hismelt, Romelt, AusIron, and EAF smelting can be considered for smelting of the bauxite residue [67] . So far, two processes have been tested for bauxite residue smelting: the Romelt process [77] , and the Electric Arc Furnace (EAF) smelting [60, 62, 68, [78] [79] [80] [81] [82] [83] [84] [85] [86] . The Moscow Institute of Steel and Alloys (MISA), together with NALCO and RSIL (India), studied processing of bauxite residue by the Romelt process [77] . The advantage of this process is that it can handle raw materials with moisture level up to 10 %. Its main disadvantage is the high energy consumption and the low grade of the produced pig iron (high sulfur and phosphorus) [67] . In the EAF process, a mixture of bauxite residue, flux, and carbonaceous material was smelted in an electric arc furnace at 1500-1800°C to form an iron alloy with more than 90 % iron recovery [62, 78, 81] . The iron recovery can be further improved by subsequent magnetic separation of ground slag to recover the remaining interlocked iron droplets in the slag [68, 87, 88] . The slag generated after smelting can be used for the production of slag wool [78] and building materials [89] , and for the extraction of titanium [60, 61, 81, 82, 87, 88] , other non-ferrous metals, or REEs [8, 36, 60, 88, 89] . REEs from the slag can be leached by a H 2 SO 4 solution [34, 60, 61] . However, HNO 3 and HCl solutions were studied by Borra et al. and similar or even better recoveries were obtained when compared to H 2 SO 4 [88] . The lower recovery yields in H 2 SO 4 were due to the formation of a solid calcium sulfate layer. Table 5 lists the different studies on smelting of bauxite residue to recover iron. Smelting studies were generally carried out above 1500°C. However, smelting was also studied below 1500°C in two cases. This may be due to the low amount of alumina present in these samples. High amount of fluxes were added during the smelting of bauxite residue due to the high alumina content. The fluxes used during smelting are limestone, lime, silica, and dolomite. Different types of reducing agents were tested for bauxite residue smelting: coal, coke, graphite, wood, etc. The Graphite 1600 [95] sulfur content of the pig iron depends on the slag basicity and can be minimized by increasing the basicity [60] . The phosphorus content of the pig iron can be minimized by choosing a reducing agent with a low phosphorus content. The pig iron produced from bauxite residue can be used in steel making [90] . A fundamental study on the smelting of bauxite residue at a laboratory scale was carried out by Kaußen and Friedrich [92] . They modeled the process using FactSage Ò and compared the modeling and experimental results. They found a good agreement between both. They also found that prolonging the reduction time decreases the sodium content in the slag. Increase in the carbon content of the charge beyond a certain limit reduces the silica, which increases the slag melting point drastically. Logomerac found that a carbon charge above a certain limit also reduced TiO 2 and created problems during the tapping of the slag [60] . Reduction of silica and titania during smelting was also observed by Borra et al. when high amounts of carbon was used [88] . They also optimized the flux amount to decrease the energy and acid consumptions.
The conceptual semiquantitative flow sheet of the process suggested by Logomerac is shown in Fig. 5 [60] . The flow sheet shows the complexity of the process and the huge quantities of reagents and water consumed by such a type of process. The flux requirement in the process is very high, being as much as the quantity of bauxite residue processed. Therefore, the slag-to-metal ratio was also high. The energy consumption of the process was 3600 kWh per ton of pig iron produced, which is very high compared to conventional pig iron production (*1500 kWh/ton). A similar kind of a complex process was used by Ercag et al. to recover a small quantity of TiO 2 from bauxite residue [87] .
In a pilot-scale process 350 kg of dry bauxite residue, 77 kg of coke fines, 70 kg of silica, and 53 kg of burnt lime were smelted in an EAF for producing 120 kg of metal and 280 kg of slag [78, 90] . In another study, the authors Fig. 5 Conceptual semiquantitative flow sheet for complex processing of bauxite residue. Adapted from Ref. [60] proposed to recover scandium by selective leaching before smelting [96] . However, it is questionable whether acidified bauxite residue can be used in EAF due to the formation of hazardous gases (Cl 2, SO 2 /SO 3 , NO x etc.). In addition, most of the calcium is dissolved during leaching and calcium needs to be added again during smelting. Nevertheless, the authors claimed that this process can be economical and part of a zero-waste process.
Generally, the slag is ground or granulated before leaching to increase its reactivity. After leaching, the valuable elements can be recovered from the leachate by solvent extraction, precipitation, hydrolysis, or neutralization. For example, Udy recovered aluminum sulfate from a leach solution by evaporation crystallization and TiOSO 4 by hydrolysis [82] . These sulfates were calcined for acid regeneration and oxide production. Aluminum from the slag can also be recovered by sodium carbonate leaching [62] . However, the slag chemistry needs to be adjusted for maximum alumina recovery. Kaußen and Friedrich leached the almost entire aluminum from slag with 500 g/L NaOH aqueous solution at 250°C under pressure [91] . However, high amount of sodium and high temperatures increase the wear of leaching equipment. During acid leaching of slag, silica in the slag creates filtration problems due to gel formation. Therefore, large volumes of water are required to overcome these filtration problems [60, 61, 88] .
Iron can be removed from bauxite residue by smelting at temperatures from 1200 to 1800°C, depending on the slag composition. Iron removal followed by slag leaching for the recovery of titanium, aluminum, and REEs can be a zero-waste process. However, smelting of bauxite residue requires large amounts of flux, which increase the energy consumption and decrease the bauxite residue throughput in the furnace. Furthermore, large volumes of acids are consumed during slag leaching as the basic elements from the flux consume acid. Decrease in flux consumption decreases the energy consumption as well as acid consumption during metal recovery. Silica dissolution is the main problem during slag leaching. It creates filtration problems by silica gel formation. However, this problem might be solved by carrying out the leaching above 100°C to hydrolyze silica.
Aluminum Recovery From Bauxite Residue in View of Iron, Titanium, and/or REEs Recovery
High concentrations of alumina in the bauxite residue increase the melting point as well as the viscosity of the slag during reductive smelting [92] . To compensate this alumina effect, large amounts of flux and/or high temperatures are required. Both increase in temperature and the use of a flux increase the energy consumption. Therefore, it is beneficial to decrease the alumina content before the reductive smelting of bauxite residue. Alumina can be removed from bauxite residue by two processes: (1) hightemperature hydrometallurgy and (2) alkali roasting (sintering) [75, 97] . In high-temperature hydrometallurgy, bauxite residue is leached in autoclaves at high temperatures ([260°C) and high alkalinity (molar ratio of Na 2 O to Al 2 O 3 [ 10) . This process has not been industrialized yet due to corrosion problems of the equipment at high temperatures and the low alumina concentration in the leach solution. In alkali roasting, the bauxite residue is mixed with sodium carbonate (Na 2 CO 3 ) and the mixture is then roasted at temperatures around 800-1200°C to convert alumina to sodium aluminate. The main reactions involved in the process are:
SiO 2 + Na 2 O Na 2 SiO 3 ð3Þ
The roasted mass is leached with water to dissolve the formed sodium aluminate. Aluminum can be recovered from the leach solution by precipitation with CO 2 (Eq. 6) or by hydrothermal precipitation (Eq. 7), along with the green liquor of the Bayer process. 
Alkali (sodium carbonate) roasting of the bauxite ore for recovering alumina was developed in 1854 by Louis de Le Châtelier (Fig. 6) . This was the sole industrial process for alumina recovery until the Bayer process was developed in 1892 [98] . The alumina plants in Eastern Europe (Russia, Ukraine, Turkey) and China are still using alkali roasting technology for the production of alumina from silica-rich bauxite ores because a high amount of soda will be lost in sodalite in the Bayer process [99] . The energy consumption of the alkali roasting process is 2-3 times higher than that of the Bayer process. Table 6 lists the different studies on alkali roasting of bauxite residue to recover alumina. The main variables studied in the process are roasting temperature, roasting time, alkali ratio, CaO/MgO/BaO ratio, leaching temperature, and leaching time. The table summarizes the experimental conditions and alumina recovery.
The Le Châtelier process was applied by Fursman et al. for recovering alumina from bauxite residue [62] . They modified the process by adding carbon during sintering for converting Fe 2 O 3 into metallic iron, which helps in further iron recovery by magnetic separation. Although the iron recovery was high (about 80 %), the magnetic product was finely divided and difficult to separate from the gangue and tended to be reoxidized. The researchers did not study the recovery of REEs from the leach solution. A similar type of process was applied by Li et al. [97] . They observed that when the sintering temperature is higher than 1323 K, the alumina recovery rate decreases rapidly because of complex phase formation. They also observed that too long a sintering time (about 120 min) has a negative effect on the alumina recovery rate. Liu et al. found that leaching at higher temperatures results in higher recovery of aluminum and sodium, but with increase in time above 15 min the recovery decreases [100] . They suggested that this may be due to the precipitation of hydrated aluminosilicates.
It was reported in the literature that the roasting temperatures are lower when carbon is added. This may be due to the formation of CO by reaction between CO 2 generated from the reaction of alumina with sodium carbonate and carbon, which favors the reaction of alumina with sodium carbonate to form sodium aluminate [97] .
Raghavan et al. observed that the high amount of sodium carbonate makes the sinter hygroscopic and this creates problems in the dry grinding step [101] . They also found that an increase in lime content ([0.1 ratio) decreases the alumina recovery. This may be due to the complex phase formation of alumina with lime. They suggested performing an extra desilication step for the removal of silicon or mixing the leach solution with the green liquor from the Bayer process to decrease the silicon content. Generally CaO is used for fixing the silica by forming calcium silicate during roasting, which lowers the silica dissolution during leaching. Other basic oxides like BaO [104] and MgO [106] were also studied for fixation of silica.
Different authors suggested that the residue generated after alkali roasting can be used for different applications. According to Meher and Padhi, the residue is environment friendly due to the low sodium content and can be suitable for making cement and refractory bricks [107] . Raghavan et al. proposed that the leach residue can be used for recovering titania and iron(III) sulfate by sulfuric acid leaching [101] . Fursman et al. recovered a titania product, assaying 96 % of TiO 2 , from the non-magnetic tailings of Suriname's bauxite residue sinter by leaching with H 2 SO 4 . Rayzman and Filipovich suggested to use the leach residue after alkali roasting for recovering iron, titanium, and REEs [108] . They also suggested a desilication step after water leaching to remove soluble silica. A similar process was proposed by Hammond et al. [64] (Fig. 7) . These researchers expressed that it is difficult to separate iron from the remaining oxides by physical means due to the mineralogy of the bauxite residue where fine iron oxides are intimately mixed with other oxides, which does not allow the separation of reduced iron in a concentrated form.
Alkali roasting process can be applied for the recovery of alumina from bauxite residue. This process can be divided into two parts: (1) without carbon, and (2) with carbon. Carbon was added during roasting to convert iron oxides into magnetite or metallic iron to help in magnetic separation. It is difficult to achieve higher recoveries of iron during magnetic separation after roasting because of the fineness and complex mineralogy of the bauxite residue. After reduction roasting, if iron is removed by magnetic separation, some of the soluble alumina will be lost together with the iron fraction. If alumina is leached before the magnetic separation step, iron metal will be oxidized. Most of the researchers converted iron oxides to magnetite, which is a stable phase during water leaching and wet magnetic separation. The silica content in the leach solution can be decreased by adding MgO, CaO, and BaO during roasting or it can be removed by lime treatment of the leach solution [109] . Higher temperatures and increased residence times during sintering adversely affect the recovery of alumina due to complex phase formation. Roasting temperatures were studied from 500 to 1100°C. The temperature for maximum recovery was not consistent in the literature as it varied between 900 and 1100°C. Water leaching studies were carried out from room temperature to 105°C. Increase in leaching temperature enhances the recovery of sodium and aluminum. However, leaching for longer times at high temperatures decreases the alumina recovery by complex phase formation. 
Complex Processing of Bauxite Residue
Bauxite residue is a polymetallic material containing valuable minor metals like REEs [5] . The recovery of only iron and/or alumina from bauxite residue cannot make the process economically viable. Therefore, extraction of several metals in a single integrated process is needed to make the process economically viable and to minimize the generated residues [5, 71] . Several authors proposed different complex processes to recover aluminum, iron, titanium [36, 60, 62, 63, 64, 82, 108, 110, 111] . It should be noted that most of these studies are only proposals. These complex processes can be divided into three types: (1) smelting of bauxite residue followed by slag leaching, (2) reduction roasting of bauxite residue followed by magnetic separation and water leaching followed by residue leaching, and (3) alumina removal from bauxite residue by leaching or roasting, followed by reduction or smelting and slag leaching (Figs. 8, 9 , 10).
Rayzman et al. beneficiated the bauxite residue by NaOH leaching at 285-300°C to decrease (recover) the alumina content and increase the scandium content in the [36, 108] residue [36] . As mentioned previously, the low aluminum concentration in the leach solution and the corrosion problems of the autoclave due to high temperatures are hurdles for industrialization of this process. After alumina removal, the residue was smelted to remove iron. Reduction smelting was studied on a bench scale as well as in pilot scale. They proposed to recover scandium from the slag by leaching.
Energy and flux consumption are high in the direct smelting process, therefore, reduction roasting followed by magnetic separation could be a better option. However, the iron recovery is low during magnetic separation. Iron in the tailings dissolve during the leaching, which requires large amount of reagents during further processing (e.g., solvent extraction). Alumina removal by roasting followed by smelting and slag leaching appears a promising approach [36] . However, this process has not been studied in detail yet. Furthermore, there is no open literature available about the process details.
Other Processes
Other processes that are worth considering for REEs recovery from bauxite residue are high-pressure acid leaching (HPAL) and acid bake leaching. Currently, scandium is recovered only as a byproduct and there is no primary production from a specific ore. However, a company called Scandium International found a scandium-rich lateritic nickel ore in Australia and developed two abovementioned processes for recovering scandium from that ore [112] .
The scandium-rich bauxite residue and the lateritic ores have similar chemical compositions. Both are rich in scandium, iron, and aluminum. Therefore, the process developed for scandium ore can be applied to bauxite residue. Scandium International (earlier known as EMC Metals Corporation) patented the acid bake process [113] , which is shown in Fig. 11 . This process includes an acidmixing stage followed by a baking (roasting) stage. The gas (SO 3 ) generated during baking is used for the production of acid that can be used back in mixing stage. After the baking step, scandium is recovered from the residue by leaching. The pH of the solution during leaching was maintained at pH [ 2.5, which might be chosen to keep iron levels low in the solution. The redox potential of the solution was maintained between ?0.7 V and ?1.2 V to suppress the formation of jarosite. Suppression of jarosite formation improves the scandium recovery. Scandium recovery during leaching was about 75 %. Scandium can be extracted from the leach solution by processes like ion exchange, solvent extraction, selective precipitation, etc. However, the amount of acid, the baking temperature, and other conditions were not mentioned in the patent. In the HPAL process, hydrolysis of titanium, aluminum, and iron takes place above 180°C. Therefore, the acid consumption will be low. Hence, REEs can be selectively recovered from the solution. Kaya and Topkaya studied leaching of scandium from a refractory nickel lateritic ore by the HPAL process [114] . They were able to recover about 80 % of scandium and [85 % of nickel and cobalt at 255°C and 260 kg of sulfuric acid per ton of ore. In contrast to the earlier hypothesis, they found that change in redox potential did not enhance the recovery of scandium. The residues generated in the HPAL and acid bake process of bauxite residue are rich in calcium sulfate and poor in sodium. Therefore, these residues can be considered for applications in cementitious binders.
Borra et al. studied the sulfation-roasting-leaching process for recovering REEs from bauxite residue, which is similar to the acid baking process [115] . They were able to recover about 60 % of Sc and [80 % other REEs. The dissolution of other major elements are Na [ 90 %, Al*20 %, Fe \ 1 %, Ti \ 1 %, and Ca*5 % at L/S ratio 5:1. The residue generated in the process is poor in sodium and rich in calcium sulfate, therefore, the residues can be considered for using in cementitious binders.
Conclusions
The long-term storage of bauxite residue is an environmental threat and poses a space concern. Currently this material is not being used in bulk applications, except for small quantities in cements and ceramics. Recovery of REEs and other valuable metals, in combination with the application of the leached residues in building materials can be an economical and a (nearly) zero-waste option. Fig. 11 Acid bake process for recovering scandium. Adapted from Ref. [113] Direct acid leaching of bauxite residue for recovering REEs dissolves large amounts of major elements (iron, aluminum,..), which creates issues in further recovery process steps such as solvent extraction, ion exchange, etc. The generation of large volumes of effluents is also a major concern. Furthermore, direct acid leaching hardly reduces the volume of solid residue to be stored, because the valuable metals are present only in small concentrations. Recovery of iron by smelting followed by slag leaching could be a good option for recovering iron, alumina, titanium dioxide, and REEs. However, this process requires large amounts of flux due to the high alumina content of the bauxite residue. The use of large amounts of flux not only increases energy consumption and process costs but also increases the acid consumption during leaching. Alumina and iron can be recovered together from bauxite residue by a reduction roasting process. However, it is difficult to achieve high recoveries of iron during the subsequent magnetic separation step because of the fineness and morphology. Furthermore, residual iron in the magnetic separation tailings dissolves easily during the leaching process, which creates problems in the further recovery of titanium and REEs from the leachates. Therefore, the complex or near-zero-waste processes are the most promising ones.
